The cytoplasmic plaque protein desmoplakin (DP), which is located in desmosomes, plays a major role in epithelial and muscle cell adhesion by linking the transmembrane cadherins to the cytoplasmic intermediate filament network. Mutations of DP may cause striate palmoplantar keratoderma, arrhythmogenic right ventricular dysplasia, skin fragility/woolly hair syndrome, Naxos-like disease, and Carvajal syndrome. DP must be indispensable, because DP-/-mice are early abortive. Here, we report a patient with severe fragility of skin and mucous membranes caused by
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Desmoplakin (DP) is a cytoplasmic plaque protein that is located in desmosomes, which are abundant in tissues subjected to mechanical stress, like muscle and epidermis. The role of DP is to link the transmembrane cadherins via plakoglobin to the cytoplasmic intermediate filament network [1, 2] . DP comprises an N-terminal, desmosome-associated plakin domain binding to plakoglobin and plakophilin [2] , a central coiled-coil rod domain responsible for dimerization, and a C-terminal domain consisting of three homologous plakin repeat subdomains, named "A," "B," and "C", that interact with the intermediate filaments [3] . Alternative splicing generates two isoforms (DP I and DP II) that differ in their rod domain lengths, with relative molecular weights of 332 kDa and 259 kDa, respectively [4] .
Mutations in desmoplakin can cause cardiocutaneous syndromes (for review, see [5] , whereas a homozygous recessive missense mutation in the B-subdomain causes ARVD, woolly hair, and acral skin blistering (Naxos-like disease) [10] , and a homozygous truncatious mutation in the C-terminus causes left ventricular cardiomyopathy, woolly hair, and PPK (Carvajal syndrome [MIM 605676]) [11]. DP must be indispensable, because DP-/-mice are early abortive [12] .
Here, we report on the identification of a patient who was compound heterozygous for DP mutations that truncated the protein with an almost complete loss of the intermediate filament-binding domains. The tailless DP caused a new human phenotype, which we name "lethal acantholytic epidermolysis bullosa."
The subject in the present study was a male term newborn referred to the Center for Blistering Diseases in Groningen, Netherlands, on the 2nd day postpartum because of rapidly progressive generalized epidermolysis. The epidermolysis started during delivery. The area of epidermolysis progressed from 30% to 70% within the 1st day. The patient was the first child of nonconsanguineous parents. Skin fragility, palmoplantar keratoderma, hair abnormalities, and sudden cardiac death were not known in the parents' families. The mother's pregnancy was uneventful. The parents had neither woolly hair nor palmoplantar keratoderma. Screening of the parents for cardiomyopathy by electrocardiography, echocardiography, and magnetic resonance imaging was negative. Appropriate informed consent for publication was obtained from the parents.
At first admittance, we saw a distressed, nondysmorphic child with skin erosions covering 70% of the body surface area (fig. 1A) . The skin loosened extremely easily by Nikolsky's sign. Large sheets of skin were detached, leaving superficial, not bleeding, dull, intense red wound surfaces ( fig. 1B) . We did not see intact blisters or vesicles. Signs of re-epithelialization were observed, but the new epithelium rapidly detached again. A horseshoe-shaped, re-epithelialized erosion extended from cheek to cheek (fig. 1C) . The skin on the hands and feet had detached in glove and sock pattern ( fig. 1E and 1F) . The skin on the forehead and frontal scalp remained attached ( fig. 1A and 1B) . There was no hypergranulation tissue. At the elbows, wrists, knees, and ankles, cutis aplasia with a shimmering vascular pattern was observed.
Further examination revealed a complete absence of scalp hairs, eyebrows, cilia, and vellus hairs (universal alopecia), although we discerned follicular openings on the skin of the scalp ( fig. 1C ). All 20 nails had recently shed; the impressions of the nail plates in the nail beds were still visible ( fig. 1E and 1F). The child had three triangular neonatal teeth in the mandibula ( fig. 1D ). The oral cavity and conjunctivae were erosive. The glans penis was affected, and a pseudophimosis had occurred.
The fingers of one hand had minimal pseudosyndactyly due to juxtaposed erosions.
The distal phalanges of the hand were tapered. Toes were long and spread wide, with a sandal gap and globular distal phalanges. Aquacell on top fixated by tube bandage and Elastomull Haft. A fluid intake of 450-500 ml/kg/day (N = up to 150 ml/kg/day) and infusion of albumen (3 g/kg/day) were necessary to compensate for immense transcutaneous fluid losses, estimated at 350 ml/kg/day, and to establish urine output of at least 0.5 ml/kg/hr (N = 1-6 ml/kg/ hr). Within days, the face and body had swollen, and ascites developed. Pulmonary tube ventilation was necessary. Skin cultures contained no microorganisms. In a final attempt to stop the persistent oozing from the wounds, fibrin glue (Tissuecoll) was sprayed over the body surface. The polymerized glue did not attach to the oozing wound surface. Ten days postpartum, the child died.
Permission for autopsy was obtained. Examination showed an edematous male neonate with bilateral pleural effusion and ascites. Body measurements were appropriate for a corrected gestational age of 41 wk. The epidermis demonstrated very extensive (>90%) suprabasal acantholytic separation with desquamation. At the site of the nail bed, a focal residue of matrix was encountered. The suprabasal epithelium of the mouth, epiglottis, and larynx had been lost. Structural anomalies of internal organs were not found. The microscopic anatomy of epithelia was abnormal.
Predominantly in the lung, gastrointestinal tract, and bladder, epithelial integrity revealed loss of cell-to-cell adhesion and detachment of epithelial cells from the basement membrane. The significance of these observations is uncertain, as loss of epithelial integrity may be due to postmortem autolysis. The heart was dilated possibly because of overfilling. On microscopy, focal subepicardial coagulative necrosis was noticed, but there were no signs of cardiomyopathy. The cause of death was multiorgan failure precipitated by secondary heart failure, probably induced by tremendous amounts of intravenous fluid supplementation that were needed to compensate for excessive transcutaneous water loss. The skin blistering that was fatal early in life may have precluded later development of palmoplantar keratoderma and cardiomyopathy. . C, Electron microscopy revealed that the desmosomal connection remained intact while the plasma membrane was stretched to its limits until intracellular cleavage occurred behind the desmosomal plaque, which was torn from the cell body (arrow). D, Desmosome, lacking bound intermediate filaments, contained an inner (IDP) and outer (ODP) dense plaque of normal thickness. E and F, Cultures of patient's keratinocytes show loosened cell-to-cell contacts (spongiosis representing early acantholysis) compared with the close apposition between control human keratinocytes.
Routine immunofluorescence examination of the patient's skin revealed no immunodepositions, and routine antimapping revealed normal staining of pankeratin, laminin-332, and type VII collagen and suprabasal blister formation. Indirect immunofluorescence for circulating pemphigus antibodies was negative. ELISA for circulating anti-desmoglein 1 and 3 antibodies was negative.
Immunofluorescence examination of the patient's skin-performed after the child had died, using a large panel of antibodies against: β-catenin; γ-catenin/plakoglobin; type VII collagen; type XVII collagen; desmocollins 1, 2a/b, 3; desmogleins 1, 2, 3, 4; desmoplakin I/II; desmoyokin/ahnak; integrins α2, β1; keratins 1, 10, 2e, 5, 14; laminin-332; M3 muscarinic acetylcholine receptor; nicotinic alpha3 acetylcholine receptor; plakophilins 1, 2a/b, 3, 4/p0071; plectin/HD1; and tetraspanin/CD151-all demonstrated unreduced staining, except for the intercellular staining of desmosomal proteins that was more punctated (desmoplakin, plakoglobin, plakophilins, desmogleins, and desmocollins) (fig. 3A) . The interference of intermediate filament binding was witnessed by perinuclear retraction of keratin filaments (fig. 3C ). The desmosomal defects did not affect the level or the pattern of expression of the adherens junction component β-catenin (fig. 3E ).
Figure 3
Immunofluorescence with monoclonal antibodies of patient's skin (A, C, and E) and agematched human control skin (B, D, and F). Desmoplakin I/II in the patient shows a more punctate intercellular staining (A) than in human control skin (B). Note the suprabasal clefting in the patient (A). The suprabasal keratin 10 is retracted around nuclei in the patient (C) as compared with a control subject (D). The adherens junction component β-catenin (9G2) has a similar fine granular intercellular staining pattern in patient skin (E) and control skin (F).
The strategy for finding the candidate gene by immunofluorescence analysis using monoclonal antibodies for desmosome components with expected loss-offunction mutation was not that helpful. Although this strategy might work in most hemidesmosome disorders, it distracted from our search for the cause of this desmosomal disorder. The clue that led us to DP was the observation by electron microscopy that the keratin intermediate filaments were disconnected from the inner dense plaque, similar to that in DP knockout mice and in skin fragility/woolly hair syndrome [9, 15] .
Mutation screening of the patient's genomic DNA, isolated from peripheral blood, was performed by direct sequencing of the 24 exons of the desmoplakin gene (DSP), with primers and conditions described elsewhere [7] . Each DSP exon was PCR amplified and purified (QIAquick PCR purification kit, Qiagen), and 100 ng of the purified PCR products was sequenced using DyeTerminator chemistry (Amersham Biosciences) on a MegaBACE 1000 sequencer (Amersham Biosciences). Two heterozygous mutations in exon 24 were identified in the proband, a nonsense mutation (6079C→ T; R1934X) at position 6079 (GenBank accession number M77830), and a deletion of two nucleotides, 6370delTT. This latter mutation causes a frameshift and results in a novel sequence beginning at amino acid 2031 and leading to a premature termination codon at position 2058. Both parents were heterozygous carriers, the father of the 6079C→T mutation and the mother of the 6370delTT deletion (fig. 4) . RT-PCR performed on cultured keratinocytes and followed by direct sequencing showed that both nonsense allele transcripts were detectable in the proband.
Therefore, the mutations did not result in desmoplakin haploinsufficiency by nonsense-mediated mRNA decay, which is consistent with the presence of immunoreactive desmoplakin in the skin. Instead, two mRNA transcripts were present, both coding for DP proteins with a truncated C-terminal tail, one truncated at the end of the rod domain and missing all three intermediate filamentbinding subdomains, and the other truncated shortly after the start of subdomain A (1-2031+28 missense) and still containing the first 71 residues of this domain .
Immunoblot of extracts of the patient's cultured keratinocytes with monoclonal antibody DP2.17, specific for the 332-kDa isoform desmoplakin I, revealed the absence of the DP I protein band in the keratinocytes of the patient. Instead, two aberrant DP I molecules with a higher mobility were detected, which is in line with the prediction of smaller proteins made on the basis of the mRNA transcripts ( fig. 5,   lane 2) . Extracts of the parents' cultured keratinocytes demonstrated, as expected, wild-type DP I in conjunction with a truncated DP I polypeptide with higher mobility (fig. 5, lanes 3 and 4) . Immunoblot staining for desmoplakin I demonstrating two different truncated DP I forms in the patient's cells. Extracts of keratinocytes cultured from the patient (Pt), the mother (Mo), the father (Fa), and a normal human control (Ctr) were separated on 5% SDS-PAGE slab gels, electroblotted, and stained with DP I-specific monoclonal 2.17. Left, molecular markers 150 and 200 kDa. The mRNAcomputed molecular weights for the truncated forms are 228 kDa and 243 kDa, versus 332 kDa for the wild-type protein. Note that all proteins run slightly faster than deduced from the nucleotide sequences in line with earlier observations [26] .
The severe fragility of the skin and mucous membranes was fatal for the child. The skin fragility was accompanied by universal alopecia, nail loss, and neonatal teeth.
At the histological level, the disorder is characterized by acantholysis. The exact split level, however, was intracellular between the inner dense plaque of the desmosome and the cytoskeleton. To the best of our knowledge, the presented phenotype with lethal acantholytic epidermolysis bullosa has not been reported before.
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The term "acantholytic epidermolysis bullosa" has been used to denote mild acral blistering in a single family [16] . This autosomal dominant bullous disorder, however, was less severe than the presented case and comprised mild, late-onset blistering confined to hands and feet, with histological features that remind us of our case: suprabasal clefting with acantholysis. The molecular pathology of that pedigree has not been determined, nor have there been any other clinical reports of such a disease phenotype.
The phenotype had some similarity with skin fragility/ectodermal dysplasia syndrome [MIM 604536], a rare autosomal recessive disease that is due to mutations in the gene encoding the critical desmosomal plaque protein plakophilin 1 and that manifests with skin fragility, fissuring palmoplantar keratoderma, abnormal hair growth, nail dystrophy, and, in some cases, defective sweating [17] . The characteristic histopathology of acantholysis increasing in an upward direction in the epidermis was not present in our case, where the acantholysis was increasing in a downward direction.
The histopathology with acantholysis was reminiscent of that observed in HaileyHailey disease (benign familial pemphigus [MIM 169600]), although here the adnexa were spared, in contrast to our case. We considered the possibility that our patient was suffering from a theoretical recessive congenital variant of benign familial pemphigus Hailey-Hailey disease with complete loss of the ATP2C1 polypeptide, but this appeared not to be the case, as witnessed by normal SPCA1 staining of cultured keratinocytes (P. Arvan).
At first impression, the clinical phenotype was also reminiscent of neonatal pemphigus, which also displays suprabasal acantholysis with basal cells standing apart like tombstones. The mother, however, was not affected by pemphigus, and no antibody reactivity against keratinocytes could be detected in the patient's skin and serum.
The autoimmune analogue of this genetic desmoplakin disorder, mucosal dominant pemphigus vulgaris with anti-desmoplakin autoantibodies, has clinicopathological similarities: all mucous membranes were involved, cutaneous blisters were flaccid and ruptured easily, and histology showed suprabasilar acantholytic bullae without dyskeratosis [18] . Antidesmoplakin pemphigus patients do not display cardiomyopathy or palmoplantar keratoderma.
Loss of the desmoplakin tail did not disturb the formation of epidermal sheets in vivo, but the epidermal stability was insufficient to resist mechanical stress during delivery. The hair, nails, and orolaryngopharyngeal mucous membranes were also instable. The distribution of desmoplakin includes all tissues with desmosomes, such as muscle, heart, kidney, bladder, intestines, lungs, and blood vessels [19] .
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The lack of gross pathology in the internal organs of this patient suggests that mechanical stress in the neonatal period is more critical for skin epithelia.
Truncatious DP mutations causing Carvajal syndrome [11, 20] and lethal acantholytic epidermolysis bullosa (this study) are recessive, as witnessed by healthy parental carriers. This said, it is important to note that individuals who are heterozygous carriers of desmoplakin nonsense mutations do not display striate palmoplantar keratoderma due to tentative desmoplakin haploinsufficiency [9] . In contrast, we show that the parents who carried a DSP mutation that leads to premature termination of translation do not exhibit complete nonsense-mediated RNA decay, but do express the truncated desmoplakin polypeptide in addition to the normal protein from the wild-type allele.
Nonsense-mediated RNA decay is a surveillance system that detects and degrades RNA transcripts containing nonsense mutations if the termination codons are located more than 50-55 nucleotides upstream of the 3'-most exon-exon junction [21]. Our mutations described and the 7901delG found by Norgett et al [11] are all located in the last exon downstream of the 3'-most exon-exon junction, and, therefore, the mRNA transcripts will not be recognized by this mechanism, regardless of the functionality of the eventually formed protein. The ablation of the C-terminal tail of desmoplakin in this case led to a stably expressed protein, which is recruited in desmosomes, although more punctate staining was observed.
Our results confirm previous experimental work that deletion of the DP tail results in a protein that is capable of associating with desmosomes but cannot interact with intermediate filament networks [22] . The globular B and C subdomains of the DP tail exhibit a conserved basic groove that may serve as a recognition site for the rod domain of vimentin [3] . Specifically, sequences between the highly homologous B and C subdomains and within the COOH extremity of DP contain recognition sites crucial for IF binding and confer specificity for various IF proteins, such as keratins in simple and complex epithelia, and vimentin and desmin [23, 24] . In this This human phenotype with large erosions and disruption of large sheets of skin without blistering, and the lack of keratin connections with the desmosomes, is very similar to the conditional DP-null mice reported by Vasioukhin et al [15] . The ultrastructural difference of the desmosome between the DP∆rod-∆tail mouse and our DP∆tail patient is the rescue of the inner dense plaque in the latter. The inner dense plaque thus appears to represent the DP rod excluding the tail [25] . Even more striking is the similarity of intercellular gaps between cultured keratinocytes of conditional DP-null mice after rescue by a transgene encoding a DP∆tail [15] and those in the present case. Borders of DP∆tail keratinocytes were incapable of zipping to seamless epithelial sheets. Vasioukhin and coworkers hypothesized that desmosomes act as molecular clamps that hold the adherens junctions in place for the second phase of epithelial sheet formation in vitro. Like Vasioukhin et al [15] , we found no reduction of adherens junction components, such as β-catenin ( fig. 3E ).
The conclusions of Vasioukhin et al [15] that desmoplakin is essential for epidermal sheet formation and that the DP tail strengthens proper connections to intermediate filaments leading to reinforcement of the membrane, such that adherens junctions and desmosomes are maintained upon mechanical stress, are all supported and refined by this study.
In conclusion, we described a new genetic phenotype, which we name "lethal acantholytic epidermolysis bullosa," comprising fatal skin fragility, alopecia, nail loss, and neonatal teeth and caused by compound heterozygosity for a recessive nonsense and frameshift DSP mutation resulting in deletion of the intermediate filament-binding domains in the DP tail.
